A global assessment of deep-sea basalt sites for carbon sequestration by David Goldberg & Angela L. Slagle
Juan de Fuca
EPR
Cocos
Caribbean
MAR 60N
MAR 40N
MAR 0N
MAR 40S
SWIR 5E
SWIR 45E
Gulf of Aden
Southeast Indian Ridge
Rio Grande
Walvis
Kerguelen
Kerala Ninetyeast/
Broken Ridge
Ontong Java
Sites
seismic ridges
aseismic ridges
Plate boundaries
transform
ridge
trench
Global sites considered in our assessment for deep-sea basalt CO2 sequestration. Eleven seismic ridge sites (green boxes) and seven aseismic ridge sites 
(blue boxes) were identified with sediment thickness ≥ 200 m for this study. The sites highlighted in yellow are detailed below.
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In recent years, the debate over the most effective means to stabilize greenhouse gas concentrations in the atmosphere has endorsed multiple approaches and a 
variety of technologies. Assuring secure storage of anthropogenic carbon dioxide is one of our most pressing global scientific challenges that may contribute to 
achieving a stable solution over the next several decades. Geological sequestration by injection into deep-sea basalt formations provides unique and significant 
advantages over other potential storage options, including: (a) vast reservoir capacities with high porosity and permeability, sufficient to accommodate centuries-long 
U.S. production of fossil fuel CO2 at locations within a few hundreds of kilometers of populated areas; (b) chemical reactivity of CO2 with basalt and in situ fluids to 
produce stable, non-toxic carbonates; and (c) significant risk reduction for post-injection leakage by geological, gravitational, and mineral trapping mechanisms. We 
compare independent trapping mechanisms available in deep-sea basalts to those in saline aquifers, which have also been proposed as potential storage 
environments for anthropogenic carbon dioxide. We suggest that deep-sea basalts offer significant advantages over saline aquifers, in terms of reduced risk of 
post-injection leakage and storage capacity. Using a global site assessment strategy to highlight the most secure oceanic basalt sites that provide all trapping 
mechanisms, we initially identify potential target regions that occur in deep-sea basalt and calculate the potential injection volume for each. The largest volumes 
and most secure basalt sites occur in regions adjacent to intermediate- to fast-spreading seismic ridges as well as deep aseismic ridges. We then use site-specific 
criteria, such as abundance of ODP and IODP drill sites with basement penetration, permeability and/or porosity data, to refine volume calculations and to prioritize 
these target regions as promising locations to securely accommodate carbon dioxide injection. Pilot injection studies in deep-sea basalts are necessary to establish 
the viability of these reservoirs for future CO2 sequestration. We suggest that basaltic crust at deep ocean sites offers vast capacity and potential for permanent 
sequestration of carbon dioxide to mitigate atmospheric build-up of this greenhouse gas.
Abstract
Site Assessment Strategy - Identify deep-sea basalt sites that provide all trapping mechanisms.
 1. ≥ 200 meters of sediment cover provides physical trapping (from Divins, 2007).
 2. ≥ 2700 meters of water depth provides gravitational trapping (from the Marine Geoscience Data
  System, http://www.marine-geo.org; Smith & Sandwell, 1997).
 3. Oceanic basalt provides high permeability layers (e.g. Spinelli and Fisher, 2002) and mineral 
        trapping potential (Goldberg, 1999).
Levine et al. (2007); House et al. (2006)
Natural Analog: Magnesite filled fractures in Oman
CaAl2Si2O8 + CO2 + 2H2O = CaCO3 + Al2Si2O5(OH)4
(Matter et al., 2006)
basement reflection
sediments
Seismic line across Juan de Fuca Plate (R/V Conrad 1501)
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Benefits of Deep-Sea Geological Sequestration in Basalt
 • High porosity and storage capacity
 • High permeability and injection potential
 • Safe and secure long-term CO2 sequestration: Hierarchy of multiple trapping mechanisms
1. Physical Trapping          2. Gravitational Trapping      3. Mineral Trapping
References Cited
Coffin, M.F. and Eldholm, O. (1994), Large Igneous Provinces: Crustal structure, dimensions, and external consequences. Rev. Geophys. 32, 1, 1-36.
Divins, D.L. (2007), NGDC Total Sediment Thickness of the World’s Oceans and Marginal Seas. http://www.ngdc.noaa.gov/mgg/sedthick/sedthick.html.
Goldberg, D. (1999), CO2 sequestration beneath the seafloor: evaluating the in situ properties of natural hydrate-bearing sediments and oceanic 
 basalt crust. Int’l Journ. of the Soc. of Materials Eng. 7, 11-16.
Goldberg, D. and Slagle, A.L. (2008), A global assessment of deep-sea basalt sites from carbon sequestration. Energy Procedia, in press.
Goldberg, D., Takahashi, T., and Slagle, A.L. (2008), Carbon dioxide sequestration in deep-sea basalt. Proc. Nat. Acad. Sci. 105, 9920-9925. 
House, K., Schrag, D., Harvey, C., and Lackner, K. (2006), Permanent carbon dioxide storage in deep-sea sediments. Proc. Nat. Acad. Sci. 103, 
 12291-12295.
Jarrard, R.D., Abrams, L.J., Pockalny, R., Larson, R.L., and Hirono, T. (2003), Physical properties of upper oceanic crust: Ocean Drilling Program 
 Hole 801C and the waning of hydrothermal circulation. J. Geophys. Res. 108, B4.
Levine, J., Matter, J., Goldberg, D., Cook, A., and Lackner, K. (2007), Gravitational trapping of carbon dioxide in deep sea sediments: permeability, 
 buoyancy, and geomechanical analysis. Geophys. Res. Lett. 34, L24703.
Matter, J.M.,  Takahashi, T., and Goldberg, D. (2006), Experimental evaluation of in situ CO2-water-rock reactions during CO2 injection in basaltic 
 rocks: Implications for geological CO2 sequestration. Geochem., Geophys., Geosyst. 8, Q02001.
Smith, W.H.F. and Sandwell, D.T. (1997), Global seafloor topography from satellite altimetry and ship depth soundings. Science 277, 1957-1962.
Spinelli, G.A., and Fisher, A.T. (2004), Hydrothermal circulation within topographically rough basaltic basement on the Juan de Fuca Ridge 
 flank. Geochem., Geophys., Geosyst. 5, Q02001.
!
!
!
!
!
!
!
!
!
! !
!
!
!
!
!
!
!
758
757
756
755754
753
752
719718
717
256
254
253
218
217
216
215
214
213
212
211
11421141
1107
100°E90°E80°E
10°N
0°
10°S
20°S
30°S
0 500250 km
?
!
!
!!
!!
!
!
! !
!
!
!
!
!
!
!
!
! !
!!
!
!
!
!
!
!
18 17
532531
530
529
528527
526
525
523
522521
520
519
363 362
359
1267
1265
1262
1089 1088
1084
1083
1082
10°E0°10°W
20°S
30°S
40°S
0 500250 km
?
?
?
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
31
30
29
999
998
502
154
153
152
151
150
149
148
147
146
145
1242
1002
1001
1000
60°W70°W80°W
15°N
10°N
0 250125 km
!
!
!
!!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!!!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
84
83
999
896895
894
847
846
845
844
685
684
683
678
677
570
569
568
566
565
510
509508
507506
505
504
503
502
493
492
491
490
425
320
158
157
156
155
154
152
1256
1255
1254
1253
1242
1241
1239
1238
1230
1226
1001
1000
80°W90°W100°W
10°N
0°
10°S
0 500250 km
Co
co
s R
idg
e
!
!
!!
!
!
!
!
!
!
!
!!
!
!!!
!
!
!
!
!!
!
!
!
35
36
855856
857858 888
889890
891
892
173
174 175
176
1019
1020
1022
1023
1024
1025 1026
10271031 1032
10331034
10371038
1244
1245
125°W130°W135°W
50°N
45°N
40°N
0 250125 km
Ju
an
 d
e 
Fu
ca
 R
id
ge
731
730
729
728
727726
725724
724723
722
721
233232
231
230
229
223
60°E55°E50°E45°E
15°N
10°N
0 250125 km
Sheb
a Rid
ge
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Location maps of potential seismic ridge sites. For each site, the red hatched area represents water 
depths ≥ 2700 m and sediment thickness ≥ 200 m, excluding 20 km distance from seamounts and 
plate boundaries (Goldberg et al.,  2008; Goldberg and Slagle, 2008).The outer boundaries are 
constrained within 15-my crust, beyond which > 50% of intergranular-scale pore space is filled by 
crustal alteration (Jarrard et al., 2003). DSDP, ODP, and IODP drillsite locations are indicated by 
black circles.
Location maps of potential aseismic ridge sites (large igneous provinces, in Coffin & Eldholm, 1994). 
For each site, the red hatched area indicates water depths ≥ 2700 m and sediment thickness 
≥ 200 m, and excludes 20 km distance from seamounts and plate boundaries (Goldberg and Slagle, 
2008). Unconstrained boundaries at each site are indicated (”?”). DSDP, ODP, and IODP drillsite 
locations are indicated by black circles.
20 m net thickness    20 m net thickness   100 m net thickness    100 m net thickness
Region Area (km2) 5% eff. porosity 10% eff. porosity 5% eff. porosity 10% eff. porosity Carbon Min.(Gt)
Juan de Fuca Ridge 244,963 245 490 1,225 2,450 67
East Pacific Rise 491,561 492 983 2,458 4,916 134
Cocos Ridge 891,510 892 1,783 4,458 8,915 243
Mid-Atlantic Ridge 60N 52,734 53 105 264 527 14
Mid-Atlantic Ridge 40N 139,141 139 278 696 1,391 38
Mid-Atlantic Ridge 0 220,842 221 442 1,104 2,208 60
Mid-Atlantic Ridge 40S 3,778 4 8 19 38 1
Southwest Indian Ridge 5E 81,329 81 163 407 813 22
Southwest Indian Ridge 45E 15,757 16 32 79 158 4
Gulf of Aden 30,763 31 62 154 308 8
Southeast Indian Ridge 2,068,304 2,068 4,137 10,342 20,683 564
Caribbean flood basalt 541,611 542 1,083 2,708 5,416 148
Rio Grande Rise 831,818 832 1,664 4,159 8,318 227
Walvis Ridge 1,933,711 1,934 3,867 9,669 19,337 527
Kerala Basin 952,761 953 1,906 4,764 9,528 260
Ninetyeast Ridge/Broken Ridge 2,198,757 2,199 4,398 10,994 21,988 600
Kerguelen Plateau 1,788,834 1,789 3,578 8,944 17,888 488
Ontong Java Plateau 2,616,646 2,617 5,233 13,083 26,166 714
Computed Reservoir Volume (km3)
Total Seismic Sites
Total Aseismic Sites
Total for All Sites
1,156 Gt
2,963 Gt
4,119 Gt
*
*
*
*
** ***
* LIP boundaries not well-constrained by bathymetry or sediment cover
** based on in situ density logs (e.g. Goldberg, 1999)
*** Carbon calculation using minimum reservoir volume; assumes CO2 liquid fills pore space; 
     if CaCO3 fills pore space, capacity increases by ~ one third  
Implications
• At current U.S. annual emission rates of 1.7 Gt Carbon, even
individual oceanic basalt ridges have sufficient capacity for tens 
to hundreds of years of safe and secure sequestration of 
anthropogenic CO2. 
•  The worldwide total volume potential is 4.1 Tt-C, assuming
the minimum reservoir thickness estimates (see Table). These 
estimates may be as much as ten times greater than the minimum 
calculation, for higher porosity and greater reservoir thicknesses.
•  Large volumes exist at seismic ridges in reasonable proximity 
to CO2 sources along continental margins, such as the Cocos
Ridge, the Juan de Fuca Ridge, and the Sheba Ridge in the 
Gulf of Aden. 
•  Aseismic ridge sites may provide three times greater capacity 
than seismic ridge sites. However, pore volume estimates and 
area assessments are significantly less well-constrained. 
•  Further investigations are needed to measure in situ properties 
at specific sites. A pilot injection study in deep-sea basalt would 
establish the viability of these reservoirs for CO2 sequestration.
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